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The development of the vertebrate head is a highly complex process involving tissues derived from all three germ layers. The
endoderm forms pharyngeal pouches, the paraxial mesoderm gives rise to endothelia and muscles, and the neural crest cells,
which originate from the embryonic midbrain and hindbrain, migrate ventrally to form cartilage, connective tissue, sensory
neurons, and pigment cells. All three tissues form segmental structures: the hindbrain compartmentalizes into rhom-
bomeres, the mesoderm into somitomeres, and the endoderm into serial gill slits. It is not known whether the different
segmented tissues in the head develop by the same molecular mechanism or whether different pathways are employed. It
is also possible that one tissue imposes segmentation on the others. Most recent studies have emphasized the importance
of neural crest cells in patterning the head. Neural crest cells colonize the segmentally arranged arches according to their
original position in the brain and convey positional information from the hindbrain into the periphery. During the screen
for mutations that affect embryonic development of zebrafish, one mutant, called van gogh (vgo), in which segmentation
of the pharyngeal region is absent, was isolated. In vgo, even though hindbrain segmentation is unaffected, the pharyngeal
endoderm does not form reiterated pouches and surrounding mesoderm is not patterned correctly. Accordingly, migrating
neural crest cells initially form distinct streams but fuse when they reach the arches. This failure to populate distinct
pharyngeal arches is likely due to the lack of pharyngeal pouches. The results of our analysis suggest that the segmentation
of the endoderm occurs without signaling from neural crest cells but that tissue interactions between the mesendoderm and
the neural crest cells are required for the segmental appearance of the neural crest-derived cartilages in the pharyngeal
arches. The lack of distinct patches of neural crest cells in the pharyngeal region is also seen in mutants of one-eyed pinhead
and casanova, which are characterized by a lack of endoderm, as well as defects in mesodermal structures, providing
evidence for the important role of the endoderm and mesoderm in governing head segmentation. © 2000 Academic Press
Key Words: craniofacial development; segmentation; pharyngeal arches; endoderm; endodermal pouches; neural crest;
casanova (cas); one-eyed pinhead (oep).1
a
a
G
B
s
w
d
(
v
sINTRODUCTION
For over a century zoologists and developmental biolo-
gists have been intrigued by the question of how segmented
body plans develop. The first recognition of segmental
organization of the vertebrate body dates back to the early
1 To whom correspondence should be addressed at current ad-
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Bethesda, MD 20892. Fax: (301) 496-0243. E-mail: tpiotrowski@(nih.gov.
0012-1606/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.9th century and was followed by numerous discussions
bout the relationship between segmentation of the head
nd of the trunk (reviewed in Ku¨hn 1950; Northcutt, 1990).
oodrich (1930), Balfour (1876), van Wijhe (1882), and de
eer (1922), for example, claimed that the entire head is
egmented and is a continuation of trunk segmentation,
hereas other authors proposed the existence of indepen-
ent segmentation processes for the head and the trunk
Kastschenko, 1888; Froriep, 1902; Veit, 1939). The current
iew is that the vertebrate body is characterized by several
eries of segmented structures, two in the head region
hindbrain and pharyngeal arches) and two in the trunk
339
340 Piotrowski and Nu¨sslein-Volhard(somites and motoneurons). Also, in a number of verte-
brates the cranial mesoderm is partially segmented (Meier,
1979). Of all of these structures, segmentation of the
pharyngeal arches is particularly interesting because they
develop from tissues derived from all three germ layers. The
endoderm forms pharyngeal pouches which later develop
into gill clefts, the paraxial mesoderm gives rise to endo-
thelia and pharyngeal muscles, and the initially pluripotent
neural crest cells migrate ventrally into the pharyngeal
arches to form cartilage, connective tissue, sensory neurons
of the peripheral nervous system, and pigment cells (Ho¨r-
stadius, 1950; Le Douarin, 1982).
While it has been demonstrated that in the trunk the
segmental appearance of motoneurons is imposed by the
somites as motor axons preferentially grow through the
anterior halves of transplanted somites (reviewed in Keynes
and Stern, 1987), such a causal relationship between the
three segmented tissues of the head (hindbrain, somito-
meres, pharyngeal arches) has yet to be determined. The
hindbrain becomes compartmentalized into seven or eight
rhombomeres (Vaage, 1969; Lumsden and Keynes, 1989),
the paraxial mesoderm develops into a variable number of
somitomeres, and the pharyngeal endoderm forms an iter-
ated series of endodermal pouches. We are only beginning
to understand the molecular mechanisms involved in these
segmentation processes. Genes like krox-20 (Wilkinson et
al., 1989), valentino (Moens et al., 1996), and some hox
genes are known to be involved in hindbrain segmentation.
Yet no genes have yet been shown to be expressed in any
segmental manner in the paraxial mesoderm, and only a
few endodermally expressed genes have been identified,
such as fkd-4 (Nieswander et al., 1992) and pax-1 and pax-9
(Balling et al., 1988; Neubu¨ser et al., 1995). Consequently,
it has been difficult to assess how these tissues influence
each other and differing opinions exist about which tissue
plays the leading role in patterning the head.
Recent studies have implied the importance of neural
crest cells in the patterning of the vertebrate head (Fig. 1;
Ko¨ntges and Lumsden, 1996; Lumsden et al., 1991; Schill-
ing and Kimmel, 1994; Sechrist et al., 1994). It has been
suggested by transplantation experiments between chick
and quail that neural crest cells are specified according to
their axial position largely prior to the onset of migration
and that they carry information that determines the specific
shape of the skeletal elements they will form (Noden,
1983). The existence of a reliable fate map for cranial neural
crest cells was also demonstrated by a detailed study of the
fate of neural crest cells derived from particular rhom-
bomeres in the chick (Ko¨ntges and Lumsden, 1996). Recent
work has shown that neural crest cells originating from
different rhombomeres are prevented from mixing by dif-
ferentially expressed Eph genes (Smith et al., 1997). It has
been proposed that the specification of neural crest cells is
under the control of homeobox genes (hox genes) that are
expressed in the rhombomeres in a combinatorial manner.
hox gene expression pattern is retained by the migrating
neural crest cells and at later stages appears in the neural
Copyright © 2000 by Academic Press. All rightcrest-derived cranial ganglia, mesenchyme, and overlying
ectoderm. Thus, neural crest cells convey positional infor-
mation from the hindbrain to the pharyngeal arches (Couly
et al., 1993; Hunt and Krumlauf, 1991; Lumsden et al.,
1991; Rijli et al., 1993; Krumlauf, 1994; Ko¨ntges and Lums-
den, 1996). Although the hox genes undoubtedly play an
important role in the specification of neural crest cells and
the pharyngeal arches, the combinatorial expression of hox
genes in the hindbrain and neural crest cells cannot entirely
explain patterning processes in the pharyngeal arches.
Evidence for the existence of additional patterning
mechanisms stems from detailed experimental studies in
chicks, which demonstrate that (1) neural crest cells that
have been transplanted to ectopic locations regulate the
expression of hox genes according to their new environ-
ment and that (2) hox gene expression in the hindbrain and
neural crest does not directly influence pharyngeal arch
FIG. 1. Schematic drawing of the relationship between hindbrain
segmentation, neural crest migration, and pharyngeal arch ele-
ments (based on studies of chicks and fish). Neural crest cells
migrate as three distinct streams and express the same hox genes as
the rhombomeres from which they originate (A). The color
code indicates that neural crest cells emigrating from distinct
rhombomeres populate particular arches and give rise to specific
cartilages of the pharyngeal skeleton (B). Abbreviations: r1–r8,
rhombomeres 1–8; p1–p7, pharyngeal arches 1–7, neurocr., neuro-
cranium.development (Saldivar et al., 1996; Couly et al., 1998).
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341Role of Endoderm in Zebrafish Pharyngeal SegmentationThe cranial paraxial mesoderm has also been suggested to
influence neural crest cell migration (Anderson and Meier,
1981; Tam et al., 1994). The paraxial mesoderm lies lateral
o the prechordal plate mesoderm and forms segmental
omitomeres in several vertebrates (Meier, 1979; Jacobson,
993). During their ventral migration over the lateral sur-
ace of the somitomeres, neural crest cells reflect the
nderlying segmental pattern (Anderson and Meier, 1981),
nd it has been suggested that the somitomeres impose
egmentation on the hindbrain (Jacobson, 1993). However,
n various other vertebrates these segments are less obvious
nd they have not been described in zebrafish.
The third tissue that could be important for patterning
he vertebrate head, and which has received less attention
hus far, is the endoderm. The reiterated outgrowth of the
ndodermal wall of the pharynx is the first morphological
ign of segmentation in the pharyngeal region (Goodrich,
930). The pouches meet the ectoderm, and the piercing of
he thin membrane formed gives rise to the gill slits. The
ndividual gill slits develop in an anterior-to-posterior di-
ection and are separated from each other by pharyngeal
rches covered by ectoderm on the outer surface and by
ndoderm on the inner surface. An important question that
as to be addressed is whether the segmentation of the
ndodermal pouches is induced by the surrounding tissues
r whether the pharyngeal endoderm segments autono-
ously.
The mechanisms underlying segmentation in arthropods
ave been elucidated by the analysis of mutants isolated in
arge-scale genetic screens for embryonic lethal mutations
n Drosophila (Nu¨sslein-Volhard and Wieschaus, 1980).
imilar mutagenesis screens have been recently performed
n zebrafish to study vertebrate development (Haffter et al.,
996; Driever et al., 1996; Moens et al., 1996). A number of
zebrafish mutants with defects in somite segmentation and
the hindbrain (van Eeden et al., 1996; Moens et al., 1996)
ave been isolated. Among 109 mutations that affect jaw
evelopment, only the van gogh mutant (vgo; two alleles)
abolishes pharyngeal arch segmentation (Piotrowski et al.,
996; Schilling et al., 1996). In vgo mutant larvae, the
segmental endodermal gill slits do not form, and Alcian
blue cartilage stains reveal that the neural crest-derived
elements of the individual arches fuse. In contrast, hind-
brain segmentation is unaffected. We show that migrating
neural crest cells initially form distinct streams, but fuse
abnormally when they reach the arches in vgo mutants.
Hence it is likely that vgo primarily plays a role in segment-
ing the endodermal pouches and that segmentation of the
endoderm and adjacent mesoderm occurs independent of
the influence of segmented streams of neural crest cells.
MATERIAL AND METHODS
Fish Maintenance
The zebrafish breeding and raising conditions have been de-
scribed by Brand et al. (1995).
Copyright © 2000 by Academic Press. All rightWhole-Mount Skeletal Stainings
Cartilage stains were performed as in Dingerkus and Uhler
(1977) and Piotrowski et al. (1996).
Whole-Mount in Situ Hybridization and Antibody
Staining
Embryos fixed at a stage older than 25 h postfertilization (hpf)
were raised in 2 mM 1-phenyl-2-thiourea PTU in embryo medium
to prevent pigmentation. Embryos were fixed in 4% paraformalde-
hyde/PBS (PFA) overnight and stored in 100% methanol at 220°C.
Specimens were washed twice with PBST (PBS plus 0.1% Tween)
and then digested with 5 mg/ml proteinase-K in PBST for several
minutes depending on the stage (tail bud, 4 min; 6–20 somites, 8
min; and older stages, 12 min). They were washed and fixed again
in 4% PFA for 20 min. After the proteinase-K was washed off,
embryos were transferred into HYB1 solution (50% formamide, 53
SSC, 0,1% Tween 20 (SSCT), 5 mg/ml torula RNA, 50 mg/ml
heparin) and prehybridized overnight at 55°C. Approximately 5
ng/ml DIG-labeled RNA probe was added and hybridized overnight
at 55°C. Embryos were washed at 55°C 23 for 30 min in 50%
formamide/23 SSCT, 13 for 15 min in 23 SSCT, and 23 for 30
min in 0.23 SSCT. For detection, embryos were blocked at least for
1 h at room temperature in 150 mM NaCl (pH 7.5) plus blocking
reagent (2% Boehringer Blocking Reagent). Embryos were incu-
bated overnight at 4°C in Fab-AP as supplied by Boehringer at a
5000-fold dilution in the above solution. The following day speci-
mens were washed 4 3 20min in 150 mM maleic acid, 100 mM
NaCl and 3 3 5min in staining buffer (100 mM Tris, pH 9.5, 50 mM
MgCl2, 100 mM NaCl, 0.1% Tween 20). Embryos were then
ncubated in staining buffer with 4.5 ml NBT and 3.5 ml
X-phosphate (NBT, 75 mg/ml in 70% dimethylformamide;
X-phosphate, 50 mg/ml in dimethylformamide) per milliliter
added. To stop the color reaction, PBST was added, followed by
fixation in 4% PFA. Specimens were stored in PFA. Antibody
stainings were performed as described in Hammerschmidt and
Nu¨sslein-Volhard (1993).
Histological Sections
Five and six days postfertilization (dpf) larvae were fixed in 4%
PFA overnight, serially dehydrated, and embedded in glycol
methacrylate (Historesin; Leica). Mounted larvae were cut into
2-mm-thick sections using a microtome (Reichert-Jung 2050). The
sections were then stained in methylene blue and basic fuchsin
(solution for about 20 slides: 80 ml 1% borax, 60 ml 100% ethanol,
40 ml 13% methylene blue, 30 ml 0.13% basic fuchsin). The slides
were then coverslipped with Malinol.
Photography
Alcian blue-stained cartilage preparations were photographed
with a Zeiss Axiophot microscope in 85% glycerol using Kodak
Ektachrome 64T slide films. In situ preparations were fixed in 4%
paraformaldehyde and mounted on a slide covered by a coverslip.
To prevent damage to the embryo, clay was used under every
corner of the coverslip. Lateral views of the embryo were photo-
graphed without clearing the embryo. For ventral and dorsal views
the yolk was dissected away using watchmaker forceps. The
embryo was dehydrated by applying 100% methanol to one side of
the coverslip and absorbing it with tissue on the opposite side. The
s of reproduction in any form reserved.
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342 Piotrowski and Nu¨sslein-Volhardsame method was used to then clear the embryos with a 2:1
mixture of benzylbenzoate:benzyl alcohol. Specimens with high
background stain were photographed in 85% glycerol following
fixation. Stained embryos were photographed using a digital cam-
era (Kontron; ProgRes 3012) attached to a Macintosh computer
using the Adobe PhotoShop software package.
RESULTS
van gogh Mutant Larvae Have Defects in the
Segmentation of the Pharyngeal Arches and
in Ear Development
In live 3-dpf vgo larvae discrete arches cannot be observed
and the mouth opening is located medially to both eyes
instead of occupying a more anterior position (Figs. 2A and
2B, arrows). To determine whether other segmented struc-
tures in the pharyngeal region, such as the mesodermally
derived blood vessels (the aortic arches), are affected as well
by the mutation, ink was injected into the blood stream
(Figs. 3A and 3B). In the wild-type specimen four aortic
arches are visible, whereas in the vgo larvae only one aortic
arch is present. In situ hybridization with the endothelial-
specific flk-1 gene at the 19-somite and early pharyngula
stage (Liao et al., 1997, data not shown) shows that the
number of endothelial cells does not appear to be reduced,
suggesting that the mutant pharyngeal arch environment
disturbs vessel formation.
In addition to the arch phenotype, the ear vesicle remains
small and the semicircular canals do not form in vgo
mutants (Fig. 2B). In situ hybridizations with msh-c (Ekker
et al., 1992; Whitfield et al., 1996) and bmp-4 (Nikaido et
al., 1997; Figs. 3C and 3D, arrows) indicate that the sensory
cristae in the ear do not develop, whereas the sensory
maculae, underlying the otoliths, are present. The external
morphology of larvae was also investigated with scanning
electron micrographs (SEM). SEMs of fixed 2- and 3-dpf
larvae show that in vgo, tissue in the mouth region is
missing (Fig. 4).
Like most of the lethal mutants identified in the Tu¨-
bingen screen vgo mutant embryos never inflate their swim
bladder. The heart of mutant embryos becomes edemic and
the larvae die at 6 or 7 days of development.
In vgo Mutants the Late Migratory Behavior
of Pharyngeal Neural Crest Cells Is Affected
Skeletal stainings reveal that in vgo mutant larvae the
eural crest-derived pharyngeal cartilages have lost their
egmental organization and are fused in the more distal
arts of the arches (Figs. 2D and 2F). In addition, the
osterior pharyngeal cartilages do not differentiate or are
ighly reduced. In most mutant larvae the first pharyngeal
rch (p1) is not affected, but in a few specimens p1 points
osteriorly and fuses with ventral elements of p2. The
eduction of cartilage in the posterior arches is not preceded
y a reduction of premigratory and migratory neural crest
ells as revealed by in situ hybridization with neural crest b
Copyright © 2000 by Academic Press. All rightarkers, such as snail 2 and fkd-6 (Fig. 5; Thisse et al.,
995; Odenthal, 1997). The mesodermally derived parts of
he neurocranium (parachordalia) are also affected and the
otochord extends farther anterior into the skull than in
ild-type larvae (Fig. 2H, n). However, this phenotype is not
aused by defects in notochord development but rather by a
eduction in the proliferation of the tissues of the pharyn-
eal region, as at 26 hpf the position of the notochord is
dentical to that of wild-type siblings (see Fig. 12 below).
he disturbed patterning of the pharyngeal cartilages also
FIG. 2. Photographs of live (A, B) and Alcian blue-stained wild-
type (C, E, G) and vgo (D, F, H) larvae. A lateral view (B) of a live
3-dpf vgo larva shows that the pharyngeal arches are reduced and
that the ear vesicle is much smaller. In vgo the pharyngeal
cartilages fuse (p2–p7, D, F) and form one cartilaginous element
ventrally (F), instead of being separate as in wild-type larvae (E).
Also the most posterior cartilages are often reduced or absent (D, F).
A dorsal view of the neurocranium (G, H) shows that the notochord
(n) reaches farther anterior into the head in vgo (H). This defect
seems to be caused by aberrant growth processes in the head, as at
1 dpf the notochord still has its wild-type position. Also, the
mesodermally derived parachordalia (pc) are severely malformed.ecomes apparent in 2-mm-thick sagittal sections of 6-dpf
s of reproduction in any form reserved.
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343Role of Endoderm in Zebrafish Pharyngeal Segmentationlarvae (Fig. 6). In wild-type larvae the individual arches
(p1–p5) are separated from each other by gill clefts, whereas
in the vgo larva no segmentation of the arches can be
detected.
This phenotype might be the result of defects in one of
the following tissues. First, the patterning defect of the
neural crest-derived structures could reflect changes in the
organization of the hindbrain. In order to detect possible
defects in hindbrain segmentation in situ hybridization
experiments with rhombomere-specific markers were per-
formed. In a vgo clutch, in which one-quarter of the
embryos are mutant, the expression domain of krox-20 was
identical in all embryos and indistinguishable from wild-
type (Wilkinson et al., 1989; Fig. 7A). Also, various hox
genes, such as hoxa1, hoxb2, hoxb3, and hoxa3 (Prince et
al., 1998; Figs. 7D–7I), did not show any changes in their
indbrain expression, which suggests that all of the rhom-
omeres are correctly specified in vgo. In addition, the
orphology and location of segmentally arranged reticu-
ospinal neurons in the hindbrain was examined by back-
lling them with rhodamine-dextran (as described in
oens et al., 1996). The arrangement of these neurons,
uch as the characteristic Mauthner neurons in rhom-
omere 4, proves to be normal, which is also revealed by
ntibody stainings with the neurofilament marker 3A10 in
-dpf larvae (data not shown).
The second explanation for the disorganization of neural
FIG. 3. Distribution of aortic arches in 3-dpf wild-type (A) and v
vascular system. In vgo (B) only one aortic arch is present (arrow
bmp-4-positive sensory christae in the inner ear of 53-hpf wild-typrest-derived elements is that it may be caused by distur-
Copyright © 2000 by Academic Press. All rightances in the migratory behavior of the neural crest cells.
he migration behavior of neurogenic neural crest cells that
ontribute to the cranial sensory ganglia of the glossopha-
yngeal (IX) and vagal (X) nerves appears to be unaffected in
go. We examined the morphology of the ganglia by stain-
ng them with an anti-Hu antibody that recognizes Hu
roteins, which are a neuron-specific family of RNA bind-
ng molecules (Marusich et al., 1994; Fig. 7J). We did not
etect any obvious defects in any of the embryos derived
rom a cross between two heterozygote vgo parents. The
igration of neural crest cells into the pharyngeal arches
an be visualized by in situ hybridization with the
omeobox-containing gene dlx-2 (Akimenko et al., 1994).
n 18-somite stage wild-type embryos the dlx-2 gene is
expressed in three neural crest streams (Figs. 1A and 8A).
The most anterior labeled stream represents neural crest
cells that migrate into the mandibular arch (stream1, s1),
the second stream consists of neural crest cells that migrate
into the hyoid arch (stream2, s2), and the third, postotic
stream (stream3, s3), contains neural crest cells that con-
tribute to the five posterior pharyngeal arches. The first and
second neural crest streams are separated from each other
by the most anterior endodermal pouch, whereas the neural
crest cells of the third stream migrate into the pharyngeal
region as a single population (around 15-somite stage; Figs.
1A, 7A, arrow, and 8A, s3) before the posterior pharyngeal
arches are formed (around the 24-somite stage). These
) larvae. Ink was injected into the blood stream to visualize the
contrast to at least four or five in the wild-type sibling (A). The
bryos (C, arrow) are absent in vgo mutant embryos (D, arrow).go (B
), inneural crest cells later get partitioned into the individual
s of reproduction in any form reserved.
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(Fig. 8B).
In 6- to 18-somite stage vgo mutant embryos, the early
migration of the three neural crest streams occurs normally
and is indistinguishable from that of their wild-type sib-
lings (Figs. 7A and 8A). krox-20 is expressed in the third
stream of neural crest cells (s3) before they reach the arches
and no difference between vgo and wild-type embryos was
observed (Fig. 7A). In contrast, once the neural crest cells
have reached the pharyngeal arches, the cartilage defect in
mutant embryos is reflected by changes in the expression
patterns of hoxb2, hoxb3, dlx-2, and ephrin-B2 in the neural
crest cells (Figs. 7B–7I and 8B–8E). Ephrin-B2 is the ligand
for an Eph family receptor that is expressed in all neural
crest cells in fish (Durbin et al., 1998). In mutant embryos
FIG. 4. Scanning electron micrographs of 2- (A, B) and 3-dpf (C, D
mouth has formed, whereas in vgo tissue ventral to the mouth is m
the mouth is not closed ventrally as in the wild-type siblings (C).neural crest cell populations of individual arches are not s
Copyright © 2000 by Academic Press. All rightseparated by endodermal pouches as in wild-type embryos
but fuse with cell groups from neighboring arches (Figs. 7C,
7G, 8C, and 8E). ephrin-B2, hoxb2, and hoxb3 expressions
reveal that in vgo, neural crest cells of the third stream
come to lie farther anterior and thus adjacent to second arch
neural crest cells (Figs. 7C, arrow, 7E, arrow, and 7I, arrow).
The expression domain of hoxb2 in the second pharyngeal
arch also reaches farther anterior (Fig. 7E). These results
suggest that neural crest cells of individual arches spread
out along the A-P axis in vgo. However, they maintain a
harp boundary of expression (Fig. 7I).
As the alteration in the behavior of neural crest cells
ecomes visible only once the cells have reached the arches,
he third explanation for the vgo phenotype is a defect in
issue interactions between the neural crest cells and the
mutant larvae and their siblings. In 2-dpf wild-type larvae (A) the
ng (B). In 3-dpf vgo larvae (D) no pharyngeal arches are visible and) vgo
issiurrounding tissues, such as the endoderm and mesoderm.
s of reproduction in any form reserved.
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345Role of Endoderm in Zebrafish Pharyngeal SegmentationTo examine how neural crest cells behave in mutants with
severe defects in the endoderm and/or mesoderm, we per-
formed in situ hybridization experiments with one-eyed-
pinhead (oep) (Schier et al., 1997) and casanova (cas) (Alex-
ander et al., 1999) mutant embryos. In both mutants the
expression of pharyngeal endodermal markers, such nkx2.5,
is not detectable (Schier et al., 1997; Alexander et al., 1999).
Expression of dlx-2 shows that neural crest populations of
the mandibular and hyoid arches fuse and migrate to
ectopic locations in the anterior head (Figs. 8G and 8H,
arrows). This indicates that the endoderm and mesoderm
play a crucial role in restricting neural crest migration and
in keeping neural crest populations of different arches apart.
cas larvae are also characterized by a severe reduction of
cranial cartilages at 3 dpf (Figs. 8I and 8J), which can be
explained by the findings of Balinsky (1939) and Hall (1980),
who have shown that neural crest cells can differentiate
only into cartilage in the presence of pharyngeal endoderm.
In vgo Mutant Embryos the Endodermal Pouches
Do Not Develop
In order to examine the formation of the endodermal
pouches, 33-hpf embryos were stained with the antibody
Zn-5 (Figs. 9A and 9B; Trevarrow et al., 1990). In vgo
utant embryos staining can be observed in a patch of
ndodermal cells ventral to the ear but these cells are not
atterned in any fashion (Fig. 9B, arrow). An indication of
he lack of endodermal pouches in vgo is also a defect in the
hymus, which in wild-type embryos develops from the
ateral wall of one or of several of the endodermal pouches
Ihle et al., 1927). rag1, a recombination activating gene, is
xpressed in maturing B and T lymphocytes of the thymus
Willet et al., 1997), but no rag1 expression can be detected
in vgo mutant larvae (Figs. 9C and 9D). This suggests that
FIG. 5. The expression pattern of snail 2 at the 7-somite stage in p
embryos (A). During early stages of neural crest migration (15 som
number of neural crest cells and their migration anterior and pos
detection (B).ither the development of the lymphocyte cell lineages or
Copyright © 2000 by Academic Press. All righthe formation of the thymus itself is disturbed in vgo and
hat these processes depend on the endodermal pouches.
The lack of the posterior endodermal pouches can also be
een in horizontal sections of 2-dpf embryos (Figs. 9E, 9F,
nd 9G). At this stage, in the wild-type sibling the posterior
rches are separated from each other by two rows of
ndodermal cells (Fig. 9F, arrows) and only the second gill
left has formed a connection between the pharynx and the
nvironment (Fig. 9F, arrowhead).
The expression domains of other genes that are expressed
n the endodermal pouches are also highly reduced in vgo.
n wild-type larvae members of the forkhead domain genes
fkd) are expressed in the more medial unsegmented pha-
yngeal endoderm (Odenthal, 1997; Fig. 10A), whereas the
kx2 genes are expressed exclusively in the endodermal
ouches and precardiac mesoderm (Lee et al., 1996; Fig.
0C). In 30-hpf vgo embryos, nkx2.3 expression is strongly
reduced in the region where normally the pouches form
(Fig. 10D). However, fkd-7 staining is present only in the
more axial endoderm (Fig. 10B), suggesting that endoderm is
formed but does not develop endodermal pouches.
The earliest change in gene expression pattern in the
endoderm was detected by in situ hybridizations with
nkx2.5 at the 15-somite stage (Figs. 10E and 10F). In vgo
nkx2.5 is normally expressed in the precardiac mesoderm
but is absent in endodermal cells. The same defect can be
observed in 30-hpf embryos in which the fused heart
expresses wild-type levels of the gene product but staining
is almost completely lacking in the pharyngeal arches (data
not shown).
shh is also expressed in the pharyngeal endoderm and
encodes a potent signaling molecule. To test whether shh is
involved in inducing segmentation of the pharyngeal
pouches we performed in situ hybridizations with this gene.
In wild-type embryos shh is expressed from about 30 hpf on
gratory neural crest is indistinguishable between wild-type and vgo
the expression of fkd-6 is also normal in vgo, indicating that the
r to the ear (arrows) is unaltered in vgo embryos at this level ofremi
ites)
teriothroughout the entire endoderm. In vgo mutant embryos
s of reproduction in any form reserved.
om
p
t
d
h
n
(
l
r
d
v
t
h
p
c
i
p
c
A
(
t
p
p
346 Piotrowski and Nu¨sslein-Volhardthe pharyngeal endoderm is reduced in size; however, the
intensity of shh staining is the same as in the wild-type
siblings (Figs. 11A and 11B). In addition, we studied a
mutant which has a deletion in the shh gene and observed
that the mutant embryos are capable of forming normal
endodermal pouches (Schauerte et al., 1998). These findings
suggest that the shh gene is not required for segmentation
f the pharyngeal region.
A mutation in the vgo gene also causes defects in the
orphogenesis of the endoderm. During the pharyngula
FIG. 6. 2-mm-thick sagittal sections through 6-dpf wild-type (A)
and vgo mutant larvae (B). In wild-type larvae the five posterior
haryngeal arches (p1–p5) are separated from one another by the gill
lefts, whereas in vgo no organization of the arches is recognizable.
lso the ear in vgo is much smaller, although the sensory patches
maculae, arrows) underlying the otoliths are present. Abbrevia-
ions: pq, palatoquadrate (dorsal element of first pharyngeal arch);
1, p2, pharyngeal arches 1 and 2; ch, ceratohyal (element of second
haryngeal arch).eriod the wild-type embryonic gut has not yet formed a
Copyright © 2000 by Academic Press. All rightube but is an epithelial sheet on top of the yolk sac. At 2
pf the pharyngeal endodermal epithelium folds to form a
ollow pharynx, but in vgo mutant larvae this morphoge-
etic process does not occur as revealed by shh stainings
Figs. 11C and 11D). However, histological sections of 6-dpf
arvae show that the defects are restricted to the pharyngeal
egion as the intestine and the more posterior endoderm
evelop normally (Figs. 12A and 12B).
vgo Mutant Embryos Also Show Defects in Cranial
Mesodermal Derivatives at Later Developmental
Stages
At 26 hpf vgo embryos are characterized by a reduction of
the expression of a type II collagen gene in the mesenchyme
(col2a1; Yan et al., 1995) that will give rise to the para-
chordalia of the neurocranium (Figs. 12C and 12D). To
study whether these defects are preceded by earlier abnor-
malities of the mesendoderm we performed in situ hybrid-
izations at the tail-bud stage with the genes gsc and snail 1,
which are expressed in the involuted mesendoderm and
prechordal plate (data not shown; Schulte-Merker et al.,
1994; Hammerschmidt and Nu¨sslein-Volhard, 1993). The
resulting expression pattern was indistinguishable from
that of wild type and did not allow us to identify mutant
embryos at this stage. Therefore, we concluded that the
induction of the mesendoderm is unaffected by vgo. We also
examined whether the paraxial mesoderm is affected in
mutant embryos with the marker follistatin at the 8- and
15-somite stages (Bauer et al., 1998) but could not detect
any defects (Fig. 12E), even though we observed endodermal
defects at this stage with nkx2.5 (Fig. 10F).
However, we do observe disruptions in mesodermal de-
rivatives later in development. At 6 dpf the muscles in the
roof of the pharynx underlying the notochord are severely
reduced (Fig. 12B) and at 2 dpf the organization of the
pharyngeal muscles (Schilling and Kimmel, 1997), which
are derived from somitomeres, is clearly disrupted in vgo
mutants. The two Engrailed-positive jaw muscles do not
differentiate (Figs. 13A and 13B; Hatta et al., 1990) and
other muscles, such as the sternohyoideus, have different
orientations (observed under Nomarski optics, not illus-
trated). myoD is expressed in all muscles of the head at this
stage (Weinberg et al., 1996), and its expression pattern in
go shows that the muscles of the posterior arches, such as
he transversus ventralis, are missing (Figs. 13C and 13D). It
as been shown that muscles in the pharyngeal region are
atterned by neural crest cells (Noden, 1983). Since the
artilages upon which they attach are disorganized or miss-
ng in vgo, the muscle defects in vgo embryos are likely to
be secondary.
In summary, the vgo phenotype is characterized by the
absence of discrete pharyngeal arches caused by defects in
tissues derived from all three germ layers. No endodermal
pouches or segmental blood vessels form and the pharyn-
geal cartilages fuse with each other. In addition, mesoder-
mal pharyngeal muscles are reduced. In contrast, the for-
s of reproduction in any form reserved.
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347Role of Endoderm in Zebrafish Pharyngeal SegmentationFIG. 7. In situ hybridization with krox-20 (A), ephrin-B2 (B, C), hoxb2 (D, E), and hoxb3 (F–I), which are segmentally expressed in the
indbrain. In 20-somite-old vgo mutant embryos krox-20 is normally expressed in rhombomeres 3 and 5 (A), as well as in the neural crest
ells that migrate from rhombomere 5 into pharyngeal arches 3–7 posterior to the ear (arrow). These cells contribute to the third neural crest
tream. At this stage the posterior endodermal pouches have not formed yet and therefore the pharyngeal arches 3–7 cannot be
istinguished. The expression patterns of hoxb2 in r3, r4, and r5 in 29-hpf wild-type (D) and vgo embryos (E) are indistinguishable from each
ther, indicating that hindbrain segmentation is not affected. However, in vgo (E) the neural crest cells that have migrated from r4 and r7
nto the second (p2) and more posterior arches spread anteriorly along the A-P axis. In the pharyngeal arch region, r7-derived neural crest
ells contact r4-derived neural crest cells (arrow), indicating that the arches are not separated from each other. hoxb3 is expressed in the
hird neural crest stream that migrates into p3 and the more posterior arches (F, H). No endodermal pouches form within the hoxb3
xpression domain in vgo (F, G, arrow; ep, endodermal pouch). The expression is anteriorly expanded in vgo and is adjacent to the posterior
xpression boundary of hoxb2 in p2 (H, I, arrow). The sharp anterior expression boundary of hoxb3 suggests that neural crest cells from p2
nd p3 do not intermingle (I). The sensory cranial ganglia develop normally in 60-hpf vgo as visualized with an antibody against Hu proteins
hat are expressed in neurofilaments (J). Sensory cranial ganglia possess a neural crest contribution, suggesting that in vgo the neural crest
ells are correctly specified and migrate to their proper targets. The nomenclature of Raible and Kruse (2000) and Piotrowski and Northcutt
1996) was adopted. Abbreviations: g AD, anterodorsal lateral line ganglion; g AV, anteroventral lateral line ganglion; g M, middle lateral
ine ganglion; g P, posterior lateral line ganglion; g V, trigeminal ganglion; g VII, facial sensory ganglion; g VIII, octaval ganglion; g X, vagus
anglion.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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Copyright © 2000 by Academic Press. All rightmation of the hindbrain and neural crest, as well as early
neural crest migration, appears to occur normally. The
results of this study suggest that the defects observed in
neural crest-derived tissues are secondary and that segmen-
tation of the pharyngeal region depends on the mesendo-
derm.
DISCUSSION
Segmentation in Vertebrates
The relationship between trunk and head segmentation
and their evolution has not been resolved (reviewed by
Ku¨hn, 1950; Kimmel et al., 1988; Northcutt, 1990). Even
though a shared mechanism for this process has been
postulated, it is likely that independent head and trunk
segmentation mechanisms are at play. Evidence for this
hypothesis is provided by the differences in the behavior of
trunk and head neural crest (Kurutani, 1997) and by the
analysis of two types of zebrafish mutants: one group in
which trunk but not head segmentation is disturbed (van
Eeden et al., 1996) and another group in which pharyngeal
arch or rhombomere segmentation is affected but trunk
somitogenesis is not (vgo, Piotrowski et al., 1996; and
alentino, Moens et al., 1996).
A homology between segmented tissues in the head and
the trunk would most likely be reflected by similar genetic
pathways regulating their development. However, few
genes have been shown to be expressed in both the devel-
oping head and trunk. Examples are pax-1 and pax-9, which
re expressed in somites and some pharyngeal pouches
Balling et al., 1988; Neubu¨ser et al., 1995); some members
f the Notch pathway which are expressed in somites,
rain, and branchial arches (Williams et al., 1995); and Eph
enes that are expressed in trunk and head neural crest
Smith et al., 1997). However, some Eph genes have been
hown to be downstream targets of hox genes and are
herefore unlikely to be involved in the initial segmenta-
ion process (Chen and Ruley, 1998). Furthermore, other
enes that play a role in the compartmentalization of the
indbrain, such as krox-20 and valentino, are not expressed
n the trunk neural tube. Therefore, no indication exists
hat head and trunk segmentations arise by identical mo-
ecular mechanisms.
The van gogh Gene Is Required for Patterning
the Endodermal Pouches
A mutation in vgo specifically affects the development of
he pharyngeal endodermal pouches, whereas other
ndodermal tissues develop normally. Such restriction of
efects indicates that vgo is involved in the patterning of a
ubset of endodermal cells rather than in playing a role in
ndoderm formation in general. Genes which are specifi-
ally expressed in the developing pouches, like nkx2.3, -2.5,
nd -2.7, are barely detectable in vgo embryos (Figs. 10D andFIG. 8. (A–G) In situ hybridization with dlx-2, a gene which is
xpressed in neural crest cells, nuclei in the forebrain, and pectoral
ns. At 18 somites dlx-2 is expressed in three neural crest streams
A, s1, s2, s3, dorsal view). In 33-hpf wild-type larvae (B, lateral
iew; D, dorsal view) neural crest cells have populated the arches,
hich are separated from each other by the endodermal pouches
nonstaining tissue between the arches). Arches p5–p7 have not
een divided by the endoderm yet. At this stage the endodermal
ouches consist of two rows of cells which have not formed a
avity yet. In vgo (C) only the first endodermal pouch is present. In
he absence of posterior endodermal pouches the neural crest cells
f the posterior pharyngeal arches fuse (C, E). (F and G) Dorsal
iews of dlx-2 expression in 28-hpf wild-type and oep mutant
mbryos, respectively. (H) dlx-2 expression pattern in endodermal-
eficient cas mutants. No distinct pharyngeal arches form and the
eural crest cells migrate to ectopic locations (arrows). In oep (G)
nd cas (H), neural crest cells of the anterior arches fuse with each
ther and expression is reduced in the posterior arches. (I, J) Alcian
lue-stained cartilage preparations of 3-dpf wt (I) and cas (J) larvae.
n cas larvae the cranial cartilages are severely reduced. The only
lements present are the anterior parts of the neurocranium (re-
uced trabeculae (tr) and ethmoid plate (etp)) and remnants of the
arachordals (pc) or possibly two pharyngeal cartilages of unknown
dentity. Abbreviations: s1–s3, neural crest streams 1–3; p1–p7,0F). The absence of gene expression domains could be
s of reproduction in any form reserved.
a
o
e
m
c
o
v
349Role of Endoderm in Zebrafish Pharyngeal SegmentationFIG. 9. 33-hpf wild-type sibling (A) and vgo mutant (B) stained with the antibody Zn-5. Zn-5 stains the endoderm of the pharyngeal
pouches (prospective gill slits), as well as sensory neurons and ganglia of the nervous system. In the wild-type embryo five pouches are
visible; the most posterior pouches have not formed yet (A). In vgo mutant embryos only the first endodermal pouch is visible and dispersed
staining can also be observed ventral to the ear (B, arrow). However, these Zn-5-positive cells do not show any sign of segmental
organization. Other endodermal pouch derivatives, such as the thymus, are absent in vgo mutants, as revealed by in situ hybridization with
rag-1 (C, D) of 4-dpf embryos. The lack of organization of the endodermal pouches can also be observed in 2-mm-thick horizontal plastic
sections of 2-dpf wild-type (F) and vgo (G) embryos. (E) A schematic drawing of a section to show the location of the developing pharyngeal
rches that are magnified in (F) and (G). In the wild-type sibling (F) the pharyngeal arches p3–p7 are separated from one another by two rows
f endodermal cells (arrows). At this stage, only the endodermal pouch between the second and the third arches has pierced through the
ctoderm and thus has formed a gill slit (arrowhead). In the vgo larvae (G) the second arch has formed properly but no organization of theposterior arches can be observed.FIG. 10. Whole-mount in situ hybridization of wild-type (A) and vgo (B) embryos with fkd-7. At 33 hpf fkd-7 is expressed not only in the
edial pharyngeal endoderm but also in the developing pouches (A, arrows). The expression pattern of fkd-7 in vgo within the medial
endoderm (B) indicates that the reduction of the pouches is not caused by a general reduction of the endoderm, even though the expression
domain is shorter than in wild-type siblings. (C–F) Ventral views of expression patterns of nkx2.3 and nkx2.5 in 30-hpf and 15-somite
wild-type (C, E) and vgo mutant larvae (D, F) (anterior to the left). nkx2.3 is expressed in the endodermal pouches in a pattern
omplementary to that of dlx-2 (Fig. 8C). At this stage the posterior pouches are not separated from each other and appear as a thicker patch
f staining (C, arrow). In vgo expression in the endodermal pouches is very much reduced, although it is present in the most anterior
pouches (D). At 15 somites nkx2.5 is expressed in precardiac mesoderm as well as in prospective anterior endoderm (E). In vgo the
expression in the precardiac mesoderm is normal, whereas the endodermal expression is absent (F). The reduction of nkx2.5 in the
endoderm is the earliest defect observed in vgo.
FIG. 11. In 2-dpf wild-type larvae shh is expressed in the endoderm, floor plate, and brain, as well as in the second arch (A, C). Ventral
iews of wild-type (A) and vgo (B) embryos show that the endodermal expression domain of shh is shortened along the A-P axis in vgo and
that in some vgo embryos expression in the second pharyngeal arch (p2) is absent. Lateral views of wild-type (C) and vgo (D) embryos show
that in vgo the pharynx does not form a tube but remains a thin layered sheet of cells.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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351Role of Endoderm in Zebrafish Pharyngeal SegmentationFIG. 12. Mesodermal defects in vgo. Sagittal sections through a 6-dpf wild-type sibling (A) and a vgo mutant larvae (B). In the wild-type
larva the mouth forms a connection with the pharynx and the intestine (A). In vgo (B), the intestine develops normally but the pharyngeal
endoderm does not form a tube and no connection between the mouth and the digestive tract exists. Muscles ventral to the notochord in
the dorsal roof of the pharynx are also very much reduced compared to wild type. In vgo the notochord reaches farther anterior than in
wild-type siblings, which is caused by a reduction in the growth rate of the pharyngeal region. (C and D) 26-hpf embryos stained with
col2a1. In vgo (D) the mesenchyme that gives rise to the parachordalia of the neurocranium is reduced (arrows), whereas the anterior tip
of the notochord is still at the same position as in the wild-type siblings. (E) The cranial paraxial mesoderm is not reduced in 8-somite vgo
embryos as revealed by identical follistatin expression in all embryos of a clutch coming from vgo heterozygote parents.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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352 Piotrowski and Nu¨sslein-Volhardcaused by either the lack of tissue in this area or a failure of
the endodermal pouches to grow laterally into the arch
mesenchyme. Histological sections reveal that pharyngeal
arch mesenchyme is present and therefore the lack of
endodermal gene expression within the arch mesenchyme
is due to defects in the morphogenesis of the endoderm.
This implies that the vgo gene either is involved in the
induction of the segmental outgrowths of the pouches or
plays a role in the active lateral migration or the growth
process of endodermal cells toward the ectoderm. vgo
mutant embryos are also characterized by the absence of B
and T lymphocytes in the thymus, which could indicate
that these cell types are not being induced or even that the
thymus is missing. In wild-type embryos the thymus devel-
ops from lateral walls of the endodermal pouches and as
these pouches do not form in the mutants, the thymus is
likely to be defective.
The van gogh Gene Is Also Required
for the Patterning of the Mesoderm
in the Pharyngeal Region
Mesodermal defects become most apparent at later stages
of development. In 6-dpf vgo mutant embryos the sheath of
uscles in the roof of the pharynx underlying the noto-
hord is significantly thinner. With the help of Nomarski
ptics we observed that at 2 dpf the pharyngeal muscles are
ighly disorganized. However, this defect is most likely
econdary to the defects of the neural crest-derived pharyn-
eal cartilages, since it has been demonstrated that neural
rest cells are able to pattern the muscles that attach to
hese cartilages. The restriction of mesodermal defects to
he pharyngeal region also can be observed by myoD in situ
hybridization of 2-dpf larvae, which shows that the eye and
trunk muscles are unaffected. In addition, in 2-dpf vgo
mutant embryos the number of mesodermally derived aor-
tic arches is reduced. It has been shown that inductive
signals from surrounding tissues play an important role
during vascularization (Fouquet et al., 1997). Since in vgo
he number of early endothelial cells appears normal, the
alformation of the aortic arches is likely to be caused by
xtrinsic factors. Yet, the restriction of mesodermal defects
o the pharyngeal region may have had its origin earlier in
evelopment. To investigate whether the pharyngeal meso-
erm is already affected at earlier stages, we analyzed
esoderm formation by in situ hybridization with the
enes follistatin, snail 1, and gsc (Fig. 12E and data not
hown). We were not able to distinguish mutant embryos
rom wild type in these experiments and therefore conclude
FIG. 13. Whole-mount in situ hybridization experiments with ge
aw muscles, the levator arcus palatini (LAP) and the dilator operc
mbryos these two muscles are absent, as revealed by antibody lab
uscles express myoD. (C and D) Ventral views of myoD expresmuscles which are associated with the pharyngeal arches 4–7 do not e
Copyright © 2000 by Academic Press. All righthat the mesendoderm is correctly induced in vgo and that
nly later patterning events are affected by this mutation.
Signals from the Endoderm Are Necessary for
Patterning the Neural Crest-Derived Cartilages
Because neural crest cells migrate in segmental streams
which express different sets of hox genes, it is conceivable
that the segmental organization of cartilages in the arches is
an intrinsic property of the neural crest cells. This hypoth-
esis is supported by the complementary expression of Eph
receptors and ligands in neighboring streams which keeps
cells from intermingling and thus ensures that the neural
crest cells migrate into the correct arch (Robinson et al.,
1997; Smith et al., 1997).
In vgo mutant embryos, however, the neural crest-
erived cartilages of different arches fuse with each other,
ven though the early behavior of neural crest cells does not
eem to be affected by the mutation (Figs. 5, 7A, and 8A).
his suggests that tissue interactions between neural crest
ells and the endoderm are important for segmentation of
he neural crest-derived pharyngeal cartilages. We per-
ormed transplantation experiments of neural crest and
ndodermal cells between wild-type and vgo embryos to
xamine whether the neural crest cells in vgo are affected
autonomously by the mutation or whether the primary
defect lies in the endoderm. However, the experiments
were inconclusive due to the small clone size of trans-
planted cells. If the neural crest cells were affected autono-
mously by the mutation, one would expect to observe a loss
of segmental identity of the different neural crest streams.
Such a loss of identity would lead to a mixing of cells of
neighboring streams. Studies in chick have shown that if
neural crest cells are led to migrate to an ectopic site, they
maintain their original hox gene expression (Couly et al.,
1998). We therefore examined the expression hoxb2 and
oxb3 in the neural crest streams of vgo.
Even though the neural crest cells of the second and third
stream come to lie right next to each other in vgo, we do not
observe hoxb3-expressing cells in the hoxb2-positive sec-
ond arch at this level of resolution. Based on the sharp
anterior boundary of hoxb3 expression in the third stream
we believe that neural crest identity is not altered in vgo;
however, until detailed fate map studies are performed, we
cannot formally exclude that the neural crest cells are not
affected autonomously by the mutation.
The relevance of the endodermal pouches for keeping
neural crest cells of neighboring arches separate is also
reflected by defects observed in the neural crest cell distri-
hat are expressed in the mesoderm. (A and B) Lateral views of two
O), that express Engrailed during development. (B) In 52-hpf vgo
with 4D9, which recognizes Eng. All other voluntary pharyngeal
in 52-hpf wild-type (C) and vgo (D) embryos. In vgo embryos thenes t
uli (D
eling
sion
xpress myoD or are absent.
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353Role of Endoderm in Zebrafish Pharyngeal Segmentationbution of oep and cas mutant embryos. In oep and cas the
ndoderm does not form (Schier et al., 1997; Alexander et
l., 1999) and the neural crest populations of individual
rches fuse, which is reminiscent of the phenotype of vgo.
ep has been described to be required in the endoderm and
hus, the fusion of neural crest cells in oep mutants is
aused by the defects in the endoderm.
The reduction of the posterior pharyngeal arch cartilages
n vgo mutant embryos can also be explained by a defect in
he endoderm. In situ hybridization experiments have
hown that the absence of cartilage is not caused by a
eduction of neural crest cells or defects in their migration
ut rather by a defect in their differentiation. Balinsky
1939) and Hall (1980) demonstrated in tissue culture ex-
eriments and extirpation experiments that neural crest
ells can differentiate only into chondroblasts if they are
ocultured with endoderm. This also explains the reduction
f cartilage in cas larvae that lack endoderm (Fig. 8J). Since
n vgo, the posterior endodermal pouches do not form, it is
ikely that the neural crest cells do not receive the signal to
ifferentiate into chondrocytes. Thus, we believe that the
ndoderm is responsible for the initial segmentation of the
haryngeal region, but that the neural crest cells specify the
-P position of the different arches.
Segmentation of the Pharyngeal Region Is an
Intrinsic Property of the Endoderm and/or
Mesoderm
The analysis of vgo leads to the conclusion that endoder-
al segmentation occurs without signaling from neural
rest cells. This finding is strongly supported by experi-
ents in which neural crest cells and portions of the
indbrain were ablated without affecting the segmentation
attern of pharyngeal endodermal pouches (Kirby et al.,
1997; Begbie et al., 1999). In addition, classical embryologi-
cal studies have shown that at least the three anteriormost
pouches are present before neural crest cells migrate into
the area (Froriep, 1902; Landacre, 1921). Other circumstan-
tial evidence argues for the autonomy of the endoderm in
the segmentation process, such as studies of exogastrulae in
axolotl embryos (Holtfreter, 1933). If gastrulating amphib-
ian embryos are cultured in a salt solution instead of water,
the invagination of the mesoderm and endoderm does not
occur, leading to a separation of these tissues from the
ectoderm. Nevertheless, after 3–4 days of development the
everted endoderm forms segmental pouches, although the
tissue had never come into contact with ectodermally
derived neural crest cells. The significance of the mesend-
oderm for pharyngeal segmentation is also suggested by the
study of other evolutionarily older groups of animals in
which segmentation of the pharynx occurs independent of
neural crest cells. In Amphioxus, a primitive craniate, a
arge number of regular gill clefts develops, although this
rganism does not appear to have neural crest cells. This
upports the hypothesis that endodermal segmentation
rises independent of neural crest cells, but that the evolu-
Copyright © 2000 by Academic Press. All rightion of neural crest cells in craniates led to the development
f arches with distinct identities
Separate Mechanisms for Hindbrain and
Pharyngeal Arch Segmentation?
The pharyngeal arches appear to be in approximate reg-
ister with the hindbrain, as they get innervated by branchio-
motor neurons originating from respective pairs of rhom-
bomeres (Gilland and Baker, 1993; Chandrasekhar, 1997).
Likewise, an alignment of mesodermal and hindbrain seg-
ments is suggested by comparative morphological studies,
as well as the coordinated expression of the above-
mentioned Eph-related receptor tyrosine kinases and their
ligands (Gilland and Baker, 1993; Smith et al., 1997).
ubsets of these genes are expressed in particular rhom-
omeres, in the neural crest cells that originate from these
indbrain segments, and in the mesoderm over which these
eural crest cells migrate.
A causal relationship between hindbrain segmentation
nd pharyngeal arch patterning has been suggested by the
nding that neural crest cells convey positional informa-
ion from the hindbrain into the arches via differential hox
ene expression. But as hox genes are known to be involved
n segment specification rather than in the formation of the
egments, we believe that segmentation of the pharyngeal
egion is likely to be independent of hindbrain segmenta-
ion. Accordingly, neural crest cells are required only for
he later specification of the pharyngeal arches and not for
heir initial segmentation. This hypothesis is supported by
ur study of the vgo phenotype. In vgo mutant embryos the
endodermal defect is not reflected by a disturbance of the
organization of the hindbrain, nor by any obvious misspeci-
fication of neural crest cells.
The Molecular Nature of the van gogh Gene
In vgo mutant embryos the endodermal expression do-
main of the three zebrafish nkx2 genes nkx2.3, nkx2.5, and
nkx2.7 (Lee et al., 1997; Chen and Fishman, 1996) is highly
reduced. To test whether vgo is genetically linked to any of
the three nkx2 genes we carried out segregation analyses
using restriction fragment length polymorphisms
(Schauerte et al., 1998). Our results show that none of these
genes are linked to vgo. Other candidate genes for the vgo
locus are genes that, if knocked out in mice, result in a
phenotype similar to the one observed in vgo. For example,
Pax-1 and Pax-9 null mutant mice also show defects in the
development of the endodermal pouches, the thymus, the
vertebral column, and the ear (Balling et al., 1988). How-
ever, no linkage was found between Pax-9 and vgo and the
Pax-1 gene has not yet been cloned in fish.
The phenotype of vgo also bears striking resemblance to
the phenotype observed in mice in which the retinoid
signaling pathway is disrupted (Wendling et al., 2000; Dupe´
et al., 1999). In these mice the third and fourth endodermal
pouches and arches do not form, the posterior aortic arches
s of reproduction in any form reserved.
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354 Piotrowski and Nu¨sslein-Volhardare lacking, the thymus is missing, pax9 expression is
educed in the posterior pharyngeal endoderm, and ear
evelopment is disturbed. However, the number of neural
rest cells and angioblasts is normal. The authors con-
luded that retinoid acid signaling is essential for patterning
he endoderm of the posterior pharyngeal arches and affects
eural crest cells and angioblasts only secondarily. We
ypothesize that vgo might be another component of this
athway and mapping and positional cloning of this gene
re currently under way to test this hypothesis.
Evolutionary Considerations
Pharyngeal gill slits, together with notochord and nerve
cord, first arose with the evolution of chordates. As yet, the
molecular mechanism responsible for the formation of gill
slits is unknown. Therefore, the identification of the vgo
gene might lead to the understanding of the molecular
developmental mechanisms underlying the origin of chor-
dates. Mutations that affect cranial segmentation in the
zebrafish provide us with a wealth of information and
might eventually enable us to understand how the verte-
brate head evolved, a question which has puzzled zoologists
for over a century.
In conclusion, we described for the first time the pheno-
type of a zebrafish mutant (vgo) that affects specifically the
segmentation of the pharyngeal arches. The primary defect
appears to be a lack of segmentally arranged endodermal
pouches, which consequently leads to a fusion of neural
crest-derived pharyngeal cartilages, as well as patterning
defects in the pharyngeal mesoderm. In contrast, hindbrain
or trunk segmentation is unaffected. We conclude that vgo
is required for the segmentation of the endodermal pouches,
that the segmentation of the pharyngeal region occurs
independent of hindbrain and trunk segmentation, and that,
therefore, the endoderm plays an important role during
pharyngeal arch and head segmentation in vertebrates.
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